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ABSTRACT: We have measured the structure factor for rigid-rod macromolecules in solution, poly(y- 
benzyl L-glutamate) (PBLG) in deuterated dimethylformamide (d-DMF), in the isotropic phase. Small- 
angle neutron scattering measurements of a concentration series, from the dilute through the concentrated 
isotropic phase, have been analyzed using the recent modification of the random-phase approximation 
by Doi, Shimada, and Okano (DSO-RPA) for rodlike macromolecules, which includes nematic interactions. 
The results and comparison to theory are in good agreement with reported values from previous light 
scattering measurements performed by De Long and Russo at lower wave vectors. The concentrated 
isotropic phase exhibits an intensity increase that grows with increasing concentration, a pretransitional 
effect consistent with increased fluctuations in orientational order. Additional orientational fluctuation 
correlations are introduced into the theory through a phenomenological dependence of the excluded- 
volume parameter on the scattering wave vector, and good agreement with the measured scattering is 
found. Attempts to verify this behavior with lower molecular weight samples showed further anomalies. 

I. Introduction 
Fluids composed of rigid macromolecules are impor- 

tant in technologies using advanced materials such as 
high-performance fibers and liquid crystalline polymers 
(LCPs) and as nonlinear optical devices.l The perfor- 
mance of these materials often depends on the ability 
to control the alignment and order of the macromol- 
ecules during processing. Because of the large anisot- 
ropy of these molecules (the length-to-diameter ratios 
are on the order of loo), their alignment is strongly 
coupled to the flow field. Our ongoing research uses 
mechanical, optical, and neutron scattering measure- 
ments to determine the microstructure of model lyotro- 
pic liquid crystalline  polymer^.^-^ To quantitatively 
model the flow alignment of LCPs, the physicochemical 
properties of rod geometry, persistence length, and 
nematic interaction strength must be d e t e ~ m i n e d . ~ - ~  

Scattering methods are a powerful means of deter- 
mining these basic physicochemical properties.8 The 
polymer of interest here is the rodlike macromolecule 
poly(y-benzyl L-glutamate) (PBLG), which is an impor- 
tant model system that has received considerable at- 
tention. Indeed, substantial light scattering measure- 
ments have been performed on PBLGDMF solutions by 
DeLong and R u ~ s o . ~  However, extracting the basic 
physicochemical properties from the scattering requires 
a detailed model linking the molecular order to the 
scattering. Recently, Doi, Shimada, and Okano10-12 
have derived an extension of the random-phase ap- 
proximation (RPA) to include the effects of nematic 
interactions in the mean-field description of the molec- 
ular field. DeLong and Russo analyzed their light 
scattering results within this framework, finding good 
agreement for relatively dilute solutions but systematic 
deviations in the semidilute and concentrated isotropic 
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regimes. To better understand these discrepancies, 
scattering using a different wavelength, such as neu- 
trons instead of light, can provide additional informa- 
tion. In particular, for the molecular weights of interest 
here light scattering probes length scales on the order 
of the length of the rods (qL x i l l ,  while small-angle 
neutron scattering (SANS) provides information from 
scattering wave vectors greater than the rod length (qL 
>> 1). 

In this paper, we report our findings for the deter- 
mination of the excluded-volume and nematic potential 
parameters for PBLG in a helicogenic solvent, d-DMF, 
using small-angle neutron scattering (SANS). In what 
follows we discuss the experimental setup, sample 
preparation, and basic theoretical framework. After 
presenting the results and comparing with the DSO 
model, we attempt to account for the discrepancies by 
introducing a phenomenological description of pre- 
transitional effects as scattering from orientational 
fluctuations, as characterized by a length-scale-depend- 
ent excluded volume. As a further test of this phenom- 
enology, additional experimental results are then pre- 
sented for shorter rods. 

11. Experimental Section 
Solutions of poly(y-benzyl L-glutamate) (PBLG) (Sigma, M,s 

235 000 and 42 000) were prepared by drying and subsequent 
suspension into deuterated dimethylformamide (d-DMF). The 
reported average molecular weights were verified using capil- 
lary viscometry. The polymer was dried for a minimum of 24 
h at 60 "C under vacuum before use and stored below 0 "C 
under nitrogen when dry. All samples were prepared and 
loaded into scattering cells under a nitrogen atmosphere to 
avoid water contamination. The solutions were allowed to 
equilibrate for at least 1 week before loading into 1-mm-thick 
quartz cells. Table 1 lists the details of the composition of the 
samples probed in this work. 

In the helical state, the thermodynamic rod diameter (d)  is 
1.5 nm and the monomer length (L) 0.15 nm, with each 
monomer having a molecular weight of 219.13 Thus, for our 
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Table 1. PBLG/d-DMF Samples 
sample 

ID 
PBLG, 
w t %  

0.56 
2.5 
4.4 
8.2 
11 

2.8 
22 
24 
33 

volume concn of 
fraction (9) PBLG (c) g/cm3 

M ,  = 235 000 
0.005 0.006 
0.02 0.025 
0.036 0.046 
0.068 0.086 
0.091 0.12 
M ,  = 42 000 
0.023 0.029 
0.19 0.24 
0.21 0.26 
0.28 0.36 

clc* 

0.052 
0.22 
0.40 
0.74 
1.00 

0.081 
0.67 
0.72 
1.00 

reported average molecular weights, the nominal rod lengths 
are 161 and 29 nm, respectively, giving Lld values of 107 and 
19. 

The last row in each section of Table 1 lists the critical 
concentration e*, defined as the stability limit for the isotropic 
phase, needed in the DSO-RPA theory. Previous studies 
concerning the phase behavior of PBLG in DMF and other good 
solvents14J5 indicate that the concentrations at the phase 
boundaries shift from Onsager-like behavior for shorter rod 
lengths (lower molecular weights) to Flory-like behavior for 
longer rods. As we cannot use the theoretical predictions for 
quantitative determination, we determine c* from the experi- 
mentally observed phase behavior. The Onsager theory yields 
a prediction that c* = 0.89ca, where ca is the nematic 
concentration at the isotropic-nematic phase boundary. The 
last column in Table 1 lists c/c* as determined in this manner. 

SANS experiments were performed on the NG3 SANS 
instrument at NIST. A wavelength of 6 A and a velocity 
spread of 34.3% were used to provide the necessary flux, 
although additional experiments were performed at higher 
instrument resolution to verify results. The neutron scattering 
length densities for PBLG (3.60 x ern+?) and d-DMF (1.05 
x cm-2) were calculated from the molecular structure. 
No exchange of deuterium and hydrogen on the PBLG was 
accounted for in the calculation. All data were absoluted by 
the standard procedures,16 and circular averaging was per- 
formed to obtain the final Z(q)  versus q data. Data at different 
detector distances were absoluted against the intensity meas- 
ured at the 8 m distance, which was calibrated against known 
standards to obtain the absolute scale. 

111. Theory 
The scattering intensity in the Rayleigh-Gans- 

Debye approximation for rods at number density n with 
length L and diameter d is generally written as: 

N N  

i j  

where the sums are over all rods and ri denotes the 
position of a material point within rod i, relative to the 
rod's center of mass Ri, and ( ) denotes an ensemble 
average. In eq 1, q is the usual scattering vector. The 
factor C accounts for the sample thickness and instru- 
ment factors, and the volume fraction is defined as 4 = 
nnLd214 = nV,. The scattering length density difference 
AQ gives the contrast between the rods and the solvent. 
The scattering can be separated into self-interacting and 
interacting terms as: 

I(q) = C4Vp(Ae)2(cFi2(q,ui) + 
N 

i 
N N  

where Fi(q,ui) is the form factor for the individual rod 
with orientation ui. For the special case of dilute rods, 
the scattering interference between rods is negligible 
and the integration can be performed for a single rod. 
Averaging over all N rods which have equal probability 
of orientation yields 

(3) 

This defines the scattering form factor (F(q)) for iso- 
tropically distributed rods. This form factor can be 
calculated for long rods directly from relations given in 
van de The result of such a calculation for rods 
of length L that are randomly distributed with respect 
to orientation is 

For interacting rods, the integrations depend upon the 
relative rod orientation and position, which are coupled 
even in a macroscopically isotropic solution. For mac- 
roscopically isotropic solutions of rodlike macromol- 
ecules the scattering is isotropic, and it is, therefore, 
often convenient to define an effective structure factor 
(as is done for spherical particles) 

where Se&) accounts for all of the correlations between 
rods, including orientational fluctuations not accounted 
for in the form factor. 

To simplify the analysis, the following assumptions 
are often made in the literature:17 

(1) The Orientation of a rod is decoupled from all other 
rods, except for a mean-field orientational contribution, 
for all separations. 

(2) The center of mass pair correlation depends only 
on the relative distance ( r  = /ri - rjl) of separation. 

(3) The particles are monodisperse in shape and 
scattering length density. 

This rigorously yields 

where h(q) describes the rod center of mass correlations. 
This equation, which defines SeAq), has found utility 
in the analysis of scattering from low aspect ratio 
systems17J8 and has been verified for this system in the 
nematic phase.3 

The recent theory of Doi, Shimada, and Okano 
(DSO)l0-l2 applies the random-phase approximation 
(RPA) to calculate the structure factor of wormlike 
macromolecules in solution. In the RPA, the chain 
segments experience a molecular field due to interac- 
tions with other chain segments, which is written in 
terms of a mean-field potential. This mean-field poten- 
tial is determined by a self-consistent calculation of the 
segmental concentration fluctuations. The DSO model 
extends this mean-field calculation beyond simple ex- 
cluded-volume contributions to include the effects of 
nematic interactions. The ensuing self-consistent de- 
termination of the mean field is expected to become 
more exact in the limit of infinitely long, rigid-rod 
polymers. The major approximations involve expanding 
the orientationally dependent molecular field in spheri- 
cal harmonics and retaining only the first (excluded- 
volume) and second (nematic interaction) terms.lg 
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The results of their calculations are summarized for 
monodisperse, rodlike polymers below, where the origi- 
nal notation of DSO has been maintained except for the 
straightforward nondimensionalization and the defini- 
tion of S&): 

1 + RdPo 
= 1 + yo(Po + R,) 

(7) 

where 

= s, I d.z [- 
qx 

Note that the functionPo(q) = (F(q)) is the form factor, 
defined previously. The function Ro(q) is a direct result 
of the nematic interaction, as characterized by the 
strength y1. This function diverges when ylTo(q) = 1, 
a criterion for the limit of stability of the isotropic phase. 
Note that as yl - 0 the model reduces to the standard 
RPA results. The excluded-volume parameter yo and 
the nematic interaction strength are related to the 
parameters in the DSO papers by (where n is the 
concentration in rods per unit volume and L is the rod 
length): 

yo = nLvo (9) 

Y1= A V l  (10) 

The excluded-volume parameter can be directly cal- 
culated from the rod geometry, as done by Onsager.20 
It is related to the second virial coefficientAz t h r o ~ g h ~ , ~ ~  

yo = 2nMAz (11) 

where M is the molecular weight. The second vinal 
coefficient has been calculated for long, rigid cylinders 
as 

A, = flAdLz/4Mz (12) 

Since L is proportional to molecular weight, the second 
vinal coefficient is independent of molecular weight. For 
our system, the value of Az is calculated to be 3.33 x 

cm3 mol.g-2. DeLong and Russog measured Az for 
a similar sample of PBLGDMF using light scattering 
and found good agreement with the calculated values. 

The nematic interaction parameter yl is responsible 
for the loss of stability of the isotropic phase. In this 
manner, it  is possible to relate y1 directly to this critical 
concentration c*. In the DSO model, this becomes 

y1 = 2c/15c* (13) 

N. Results and Discussion 
The excluded volume and the strength of the nematic 

interaction parameter are determined by fitting the 
DSO model to plots of absolute scattering intensity. 

Figure 1. SANS intensity (units, em-') for system L(a) (0) 
versus q L  (-1 form factor fic (thick line) predicted fit. 

Figure 2. SANS intensity (units, m-') for system L(b) (0) 
versus qL. The fits correspond to  a (thin line) form factor fit, 
(thick line) a predicted fit, and (middle line) an optimized fit. 

0.1 ' I 
I IO LOO 

Figure 3. SANS intensity (units, em-') for system L(c) (0) 
versus qL. The fits correspond to (thin line) a form factor fit, 
(thick line) a predicted fit, and (middle line) an optimized fit. 

Previous light scattering measurements by DeLong and 
Russog determined values for the second vinal coef- 
ficient from the variation of the low qL scattering 
intensity versus scattering angle; thus, our measure- 
ments complement their work. Our results for the high 
molecular weight system (L(a-d)) listed in Table 1 are 
shown in Figures 1-4; all four data sets eventually are 
limited to the expected q-' behavior at  large qL. From 
the slopes, we verified the scattering length density 
difference (see Figure 5a). The range of scattering 
vectors is smaller than the point where correlations from 
the internal structure of the rod (on the order of the 
rod diameter) would begin to appear (%x(L/d)); hence, 
the thin rod form factor should be appropriate through- 
out. The slope a t  large qL yields the prefactor times x; 
thus, a plot of these slopes against the respective volume 
fractions of the rods should have a slope of xVP(4)'. 
As seen in Figure 5b, these points lie along a line 
through the origin of slope 500x cm-I, in good agree- 
ment with the calculated slope of 480x m-'. The values 
of A = @Vp(Ae)2 are given in Table 2 for reference. 

Calculations of the absolute scattering intensity using 
the RPA model and the experimentally verified prefac- 

qL 
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qL 
Figure 4. SANS intensity (units, em-’) for system Ud) (0) 
versus qL. The fits correspond to (thin line) a form factor fit 
and (thick line) a predicted fit. 
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Figure 5. (a) Porod plots for systems L(a)-(d), bottom to top, 
respectively. (b) Porod plot results (0) and best fit line. 

Table 2. Fit Parameters 

sample *(ax-’) YO 
code uredicted measured oredicted measured 15/2v> P 
L(a) 2.4 2.4 0.84 0 0.052 
L(b) 11 13 3.8 3.8 0.22 
L(c) 19 22 6.1 6.1 0.46 0.15 
L(d) 36 36 12 12 0.14 0.01 
%a) 2.2 2.5 0.76 1.2 0,081 
Xb) 18 11 6.2 6.2 0.61 
S(C) 20 14 6.9 6.9 0.12 

tors are compared to experimental data in Figures 1-4. 
The dilute sample L(a) is fit accurately with the form 
factor, verifying the rod length of L = 161 nm. For the 
higher concentrations, the three model lines represent 
the RPA fit using the theoretical values for the excluded- 
volume parameter, the RPA fit optimized to fit the 
intensity, and simply the isotropic form factor (times 
the appropriate prefactor) for reference. In all of these 
fits, the nematic interaction parameter was kept at  its 
predicted value of y1 = 2c/15c* as the results were 
insensitive to moderate variations in yl. The values for 
the excluded-volume parameter and the nematic inter- 
action parameter are given in Table 2. The optimum 
excluded volume and nematic interaction parameters 

200 250 300 

loo $ 0 10 

Figure 6. Sdq): (0) system L(a), ( x )  system Ub), (+I system 
Ltc), (0) system Ud) for optimal DSO fits (thick lines). 

and the quality of the RPA fit for the entire range of qL 
probed are close to the calculated values for the samples 
of lower concentration. Similar behavior was reported 
by DeLong and Russo: where the low qL intensity was 
well fit by the predicted RPA parameters for c/c* 5 ~0.3. 

There is some evidence of a correlation peak in the 
intensity for samples L(c) and Ud), as seen as a positive 
deviation from theory at lower qL in the plot of S,dq) 
= I(q)/(A(F(q))) shown as Figure 6 (more clearly seen 
as the upturn in Figures 3 and 4). This method of 
comparing the data and experiment is much more 
stringent across the entire range of scattering vectors 
probed, although it does emphasize the low-intensity 
data taken at large qL. The small deviations at higher 
values of scattering vector are not significant as poly- 
dispersity and instrument broadening effects have not 
been taken into account (although neither can introduce 
extrema into the intensity, they can distort the curva- 
ture slightly). The data for the form factor (L(a)) are 
scattered about 1 as expected, while the data for 
samples L(c) and L(d) show upturns a t  lower qL and 
are systematically higher than the predicted values, 
with a broad extremum in the deviation near qL z 100. 
The RPA model predicts the monotonic increase with 
qL observed for samples Ua) and L(b) but cannot 
account for the increased intensity seen around qL 5 
~ 2 0  nor qL z 100 for both samples L(c) and Ud). 

In the concentration range probed by these experi- 
ments the RPApredictions are insensitive to  reasonable 
variations in the nematic parameter y1, being dominated 
by the excluded-volume parameter yo. Given the above 
results, the validity of the RPA appears to be limited to 
c/c* 5 ~ 0 . 3 .  As the large qL data probed here are not 
sensitive to the choice of the nematic interaction pa- 
rameter, we cannot determine the validity of the DSO 
extension in the lower concentration regime. However, 
the significant deviations at values of qL z 20 for c/c* 
> 0.3 (samples L(c) and L(d)) cannot even qualitatively 
be accounted for by the DSO-RPA model. 

These SANS data suggest that fits of the low qL data 
from light scattering would show significant deviations 
from the DSO predictions. This was seen by DeLong 
and Russo for all of their molecular weights, where the 
excluded-volume parameter appears to saturate at c/c* 
z l/a. Sample aggregation was ruled out, and depolar- 
ized light scattering suggested that there are orienta- 
tional correlations present at these concentrations and 
above. These pretransitional effects, which were earlier 
pictured as clusters of rods with local orientational 
ordering (termed “swarms”), are more appropriately 
conceptualized as continuous variations in the spatial 
correlations in the local degree of orientational order.? 
The manifestation of such orientational fluctuations 
upon the thermodynamics of rod solutions would be to 
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4 
Figure 7. SANS intensity (units, em-') for system Uc) (0) 
versus qL. The fits correspond to (thin line) a form factor fit, 
(lower line) an optimized DSO fit, and (thick line) an extended 
DSO with 5 = 0.15. 

effectively reduce the magnitude of the excluded volume 
over some correlation length. In fact, Maeda,22 in a 
matrix formulation of the dynamic DSO model, also 
invokes a length-scale dependence to the osmotic vinal 
coefficient so it becomes a function of qL. This is 
necessary to explain the measured decrease in the 
apparent mutual diffusion coefficient with increasing 
concentration seen in solutions of this p0lymer.2~ 

Such orientational ordering would also produce an  
increased scattering intensity in the region about qL % 

100. As a thought experiment, consider packing the 
rods into a perfect columnar phase a t  the volume 
fractions used. The inter-rod correlation length would 
be given by qL = 2m&L/d), which is about qL % 100- 
200 and would manifest itself in the experiments as a 
positive deviation from the RPA prediction. This is 
evident in Figure 6 for both samples L(c) and L(d). 

The upturn a t  qL = 20 suggests possible center-of- 
mass or orientation-position correlations. Currently 
there is no theoretical development available capable 
of predicting such correlations in this concentrated 
isotropic regime. Unlike the success that perturbation 
theories enjoy when applied to charged rod  system^,^-^' 
the large L/d ratio and the high concentration of our 
system (relative to l/L3) yield aphysical results when 
mappings to effective spherical particles are used. 

We can try to estimate this effect by introducing a 
length-scale dependence to the excluded-volume param- 
eter. As a phenomenological model inspired by the 
physical picture of orientation fluctuations, we antici- 
pate that there is a length-scale dependence to the 
excluded volume. When two rods are close together in 
a concentrated, isotropic solution, the excluded-volume 
parameter should be significantly lower for that pair of 
rods because they must be locally aligned to permit such 
a relatively high packing density (relative to 1 rod per 
every L3 of volume). Empirically, the high qL scattering 
should still be influenced to a large degree by the 
rotationally averaged excluded volume, as evidenced by 
the good agreement between experiment and theory a t  
large qL. The introduction of a new length scale must 
satisfy momentum conservation; without further theo- 
retical justification we introduce a wavelength-depend- 
ent excluded-volume parameter as: 

where 5 is some measure of the scale of the correlation 
length for the excluded volume. 

Figures 7-9 demonstrate the ability to account for 

u.1 1 1 
I 10 100 

4 
Figure 8. SANS intensity (units, cm-') for system Ud) (0) 
versus qL. The fits correspond to (thin line) a form factor fit, 
(lower line) an optimized DSO fit, and (thick line) an extended 
DSO with 5 = 0.07. 
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Figure 9. S.~for optimal modified DSO fits, systems Uc) (0) 
and L(d) (+), and extended DSO fits (-1. 

the upturn at low qL for both samples L(c) and L(d) 
without varying any of the original best-fit parameters. 
The besbfit values for this new parameter are 0.1 and 
0.07, respectively. The trend is as expected; i.e., ap- 
proaching the isotropic-nematic transition leads to 
greater orientation fluctuations and, thus, to a lowering 
of the excluded volume relative to the rotationally 
averaged value (at fured qL). However, the c/c* value 
at which this first manifests itself is surprisingly low. 
Recent flow birefringence measurements also detect 
flow-induced pretransitional ordering at  low concentra- 
tions% for (hydroxypropy1)cellulose in water, and similar 
pretransitional effects have also been observed for 
PBLG solutions using flow birefringence and rheology.29 

This simple model also predicts that the scattering 
intensity at zero wave vector should be significantly 
higher for samples in the concentrated isotropic regime. 
The scattering correlation length 5, defined as 

I(O)lI(q) = 1 + q2p + 094 + ... (15) 

is given in the DSO model by 

(L/65)' = 1 + yo 

Note that the dependence on rod length is scaled out, 
and the correlation length is purely a function of the 
total excluded volume of the rods as characterized by 
the parameter yo. As seen in eq 14 for a finite value of 
5, yo - 0 as (qU2 for small scattering angles. Thus, 
the prediction of this modification of the DSO model is 
that 

(L/65)' - 1 (17) 

Indeed, DeLong and Russo report that values of this 
scattering correlation length are well described by the 
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DSO model (eq 16) until yo of about 3. Then, there is a 
general, but erratic, tendency for the correlation length 
to return to a value of 1, as predicted by the modifica- 
tion. This downturn cannot be explained by the nematic 
interaction terms, as they enter in at the q4 term. Thus, 
our phenomenological modification of the DSO model 
is also consistent with earlier light scattering measure- 
ments of the correlation length at  low values of &. 

PBLG is thought to he a model, hai-dmd-like sample," 
yet weak molecular attractions between rods may exist. 
Therefore, we cannot rule out the possibility that the 
upturn at  low qL is due to weak attractive forces that 
first manifest themselves in the semidilute regime. This 
would be consistent with dispersion forces, for example. 
However, the evidence that the dilute solutions do not 
aggregate supports the notion that discrepancies be- 
tween the scattering curves and the DSO predictions 
are a consequence of orientational correlations not 
adequately represented in the theory. Attractive inter- 
actions could, in principle, be detected from the tem- 
perature sensitivity of the structure. In practice, how- 
ever, the rod stiffness and solubility in the solvent are 
also affected by temperature, complicating interpreta- 
tion of the results. 

Small amounts of water contamination aggregates 
PBLG in DMF. During the course of our experiments 
we noticed no visible signs of aggregation and took the 
necessary precautions to eliminate sample exposure to 
water. Further, the scattering curves were found to be 
reproducible over the duration of 6 months for samples 
properly sealed and stored. We did investigate a sample 
that had been exposed to air and showed visible signs 
of weak aggregation (cloudiness and thickening). The 
resulting SANS scattering curve showed an increased 
intensity of many orders of magnitude at low scattering 
vector, presumably due to the formation of large ag- 
gregates. Therefore, although we cannot unequivocally 
discount weak attractions, we can state to the best of 
our abilities that the samples were not aggregated due 
to water contamination. 

To furtber test this idea of scattering from orienta- 
tional fluctuations associated with pretransitional ef- 
fects, we performed similar scattering experiments on 
a lower molecular weight sample (systems S(a-c); Table 
1). The experimental design was to probe lower effective 
qL values by shortening L (by lowering the molecular 
weight). Given L/d 19, the sample exhibited an onset 
of the biphasic regime at  c, zz 32 g/cm3, which is between 
the Onsager value of 21 g/cm3 and the Flory prediction 
of 46 g / ~ m ~ . ' ~  No form factor measurements were made 
because of the reduced scattering intensity of these 
shorter rods and the increased incoherent scattering 
from the higher concentration of hydrogen (from the 
polymer). 

A composite of the scattering curves is shown in 
Figure 10, along with the predicted values based on the 
DSO model (with the parameter values listed in Table 
2). The dilute sample is in good agreement with the 
DSO-RPA model, as expected from the higher molecular 
weight data (c/c* < 0.3). However, the scattering 
measured for the two higher concentrations falls sig- 
nificantly below the predicted curves, which is opposite 
from the higher molecular weight sample. Thus, the 
phenomenological correction for nematic interactions 
was not testable. Interestingly, the data show an 
intensity maximum with concentration in the isotropic 
phase, which is not predicted by the DSO-RPA theory. 
One possible source of this anomalous behavior is the 
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SYSTEMS S(a-c) 

0.1 ' I 

Figure 10. 1(q) versus qL for systems S(a) 0, S(b) (+I, and 
S(c) (0). The thick lines are the DSO predictions; the thin 
lines are the best fits. 

increased turbidity (the transmissions where 65-70% 
for samples S(c) and S(d), whereas all other samples had 
transmissions above 80%) due to higher incoherent 
scattering, although this should not change the qualita- 
tive scattering behavior. This seemingly anomalous 
behavior is, however, consistent with the observations 
of DeLong and Russo, who found anomalous behavior 
for the vinal coefficient for a similar molecular weightg 
(they cite polydispersity as a possible source of the 
discrepancy). Thus, these shorter rod experiments 
failed to corroborate the observations seen for the higher 
molecular weight samples at high concentrations but 
do support the applicability of the DSO-RPA model in 
the more dilute regimes. 

V. Conclusions 

In conclusion, we have found that the RPA model 
gives good predictions for the observed SANS scattering 
from PBLG rods in d-DMF in the dilute and semidilute 
isotropic concentrations (c/c* 5 0.3). However, at  higher 
relative concentrations, correlations are evident in the 
scattering that cannot be predicted by the random-phase 
approach. We find that the extension of the RPA 
approach to include the nematic interactions has little 
effect on the predictions for the range of qL probed in 
this work. Rather, the excluded-volume parameter 
must be modified to account for the length-scale depend- 
ence of the nematic interaction. 

Although the RPA model becomes exact in the limit 
of infinite rigid rods, in the DSO solution it is assumed 
that the molecular field can be separated into excluded- 
volume and interaction terms with constant strength. 
However, it is clear from our phenomenological fit, 
which accounts presumably for the effects of orientation 
fluctuations on the excluded volume, that in the con- 
centrated isotropic regime the excluded-volume param- 
eter itself must reflect the strength of the local nematic 
potential acting to align the rods. If one accounts for 
the dependence of the excluded volume upon the local 
orientation of the rods, such as is done by OnsagerZ0 in 
the derivation of the overlap volume for hard rods, the 
excluded-volume parameter will no longer be a constant 
in the concentrated isotropic regime but rather a func- 
tion of the scattering vector. We have introduced a 
phenomenological coefficient capable of explaining the 
major discrepancy between the DSO model and our 
scattering data, which yields qualitatively good predic- 
tions for the correlation length, as measured in previous 
light scattering studies. However, this phenomenology 
remains to be justified by more rigorous theoretical or 
computational studies. 
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